secretion, and surfactant release in various pulmonary cells (2, 9, 21) . Ontogenic changes in factors that regulate cAMP metabolism in the lung have been described and include changes in /3-adrenergic receptors, catecholamine and prostaglandin sensitive adenylate cyclase activity, cAMP phosphodiesterase and CAMP-dependent protein kinase activities (5, 11, 15, 24-26, 28, 33, 37, 38) . In previous studies from this laboratory and others, the interpretation of developmental changes in catecholamine-sensitive adenylate cyclase in rat and rabbit lung were complicated by changes in apparent "basal" adenylate cyclase activity found in crude homogenates (1, 23-26, 28, 37, 38) . Likewise there has been considerable discrepancy among various studies regarding ontogenic changes in hormone sensitivity between intact tissue and tissue homogenates. The factors involved in the developmental changes in adenylate cyclase activity were not clearly determined in these previous studies. The present study was therefore designed to clarify the possible mechanisms accounting for marked changes in "basal" and hormone-sensitive adenylate cyclase activity occurring during lung development.
Changes in a number of cellular factors, which regulate adenylate cyclase, might account for the ontogenic changes in adenylate cyclase activity previously observed. These factors include: (1) /3-adrenergic receptor numbers or affinity; (2) the catalytic subunit of adenylate cyclase (C); and (3) their interactions with guanine-nucleotide-dependent proteins (G/F factors), guanine nucleotide, cytosolic factors, and cations such as Mg2+ and c a 2 + (16, 35) .
Guanine nucleotides, guanine-nucleotide-dependent protein(s) (G/F) and Mg'+ are required for the expression of hormonesensitive adenylate cyclase (16, 35) . Guanine nucleotides, which bind to a proposed regulatory site on G / F protein(s), decrease agonist affinity at the receptor site and mediate hormonal activation of catalytic adenylate cyclase activity. The mechanism of interaction between agonist-occupied hormone receptors and adenylate cyclase (C) is associated with hydrolysis of GTP from the G / F site by a specific hormone-sensitive GTPase, which has been identified in pigeon erythrocyte. G / F factor is ribosylated in a reaction catalyzed by cholera toxin, which inactivates GTPase activity of G/F and results in stimulation of catalytic adenylate cyclase activity (3, 4, 16, 35) . There is also evidence that Mg"+ and other cations serve as regulators of hormone-sensitive adenylate cyclase activity. M~~+ increases agonist affinity for the receptor site and directly enhances catalytic activity by its interaction with G / F factor(s) or catalytic subunit (13, 16, 18, 35, 40) . Finally, cytosolic factors have been identified in several tissues that might also play a role in ontogenic changes in adenylate cyclase in the lung (6, 7, 20, 23, 26, 27) .
Developmental changes in any of these components of the hormone response system, i.e., hormone receptor, guanine-nucleotide-dependent factors, the catalytic subunit or their various GTP or cationic regulatory sites, might therefore be related to changes in cAMP synthesis and hormone sensitivity that occur in devel-oping lung. The present study was initiated to determine characteristics of interactions among /3-adrenergic receptors, G/F factors, guanine nucleotides, Mg2+, "cytosolic" factors and hormone-sensitive adenylate cyclase activity in crude homogenates and in membrane preparations from developing rat lung. In this work we demonstrate ontogenic changes in the activation of pulmonary adenylate cyclase by guanine nucleotide, Mg2', and factors present in lung cytosol. We present evidence that lung cytosolic factor(s) activate adenylate cyclase with pro erties similar to activation by R guanine nucleotides and not by Ca -calmodulin. Membrane preparation. Timed-bred Sprague-Dawley rats were purchased from Charles River Corp. Dams were fed standard rat chow and maintained at 24°C in a 12 h light-dark cycle. Animals were weighed and sacrificed by decapitation. Lungs from individual animals were dissected with care to remove tracheal and hilar structures, diced and placed in iced buffer containing 250 mM sucrose, 1 mM EGTA and 5 mM Tris-HC1, pH 7.2 (STE). In experiments to determine effects of EGTA and calcium (Ca2+), preparations were made in buffer with (STE) or without EGTA (ST). Lung samples from entire litters (both male and female) were pooled for the prenatal samples. Lungs from two pups were pooled for each preparation on day 5. Thereafter lungs were taken from individual animals. Adult samples reported were obtained from female rats; however, no sex related differences were noted in P-adrenergic receptors or adenylate cyclase in adult animals. Washed tissue was homogenized with a Tekmar Tissuemizer (Tekmar Co., Cincinnati, OH) in 10 volumes of sucrose buffer per wet weight of lung tissue by three 5-sec bursts at high setting.
MATERIALS AND METHODS

Materials. (-)-
Homogenate was poured through four layers of gauze and samples taken for protein, (-)-[3H]DHA binding and adenylate cyclase determinations. This filtered homogenate was centrifuged at 3000 x g for 5 min. The supernatant was centrifuged at 40,000 x g for 20 rnin and the pellet resuspended by gentle homogenization in iced buffer and centrifuged again at 40,000 X g for 20 min. This washed pellet (membrane) was resuspended in homogenizing buffer to a final membrane protein concentration of 2-4 mg/ml, as determined by the method of Lowry et al. using bovine serum albumin as standard (19) . Cytosol was prepared by sedimenting the 40,000 g supernatant at 100,000 x g for 1 h. Samples were generally assayed for /3-adrenergic receptors or adenylate cyclase activity within several days after freezing in dry ice-acetone bath and storage at -70°C. Catecholamine-sensitive adenylate cyclase activity and (-)-[3H]DHA binding were determined in freshly prepared membrane and whole homogenates (the latter after filtration through four layers of gauze).
Adenylate cyclase assay. ~d e i~l a t e cyclase was determined in triplicate at 30°C by the method of Salomon et al. (36) . Lung protein (20-40 pg) was incubated for 10-15 rnin in media containing 80 mM Tris-HC1 (pH 7.4), 1 mM [a-32P]-~TP (1-2 pCi), 4.5 mM MgC12, 1 mM [3H]c~MP (0.003 pCi), a creatine phosphokinase-ATP-regenerating system containing 10 U/ml creatine phosphokinase, 10 mM phosphocreatine, 12.5 mM sucrose, 0.05 mM EGTA, and added hormone. All major experiments were initially performed both in the presence and absence of 5 mM theophylline. In general, membrane and media were preincubated for 5 rnin at 30°C before the addition of [a-32P]-ATP (except in the case of time course experiments). Basal-and NaF-dependent activities increased linearly in proportion to time (0-15 min) and protein * (10-70 pg). GTP-dependent activity increased in relation to time up to 20 min. Activity decreased slightly thereafter. Both C p p (~~l p and cytosol-dipendent activityhad a characteristic lag veriod (1-2 min) in the absence of hormone. The activitv and its characteristics & membrane fractions from either adult or fetal lungs were stable during storage for at least 1 month when prepared in STE (pH 7.2). Adenylate cyclase activity in the homogenate was lower in the absence of EGTA and was not stable during storage when ST (pH 7.2) was used as the homogenization buffer. Adenylate cyclase activity in ST-prepared membranes was also increased by addition of EGTA to the assay buffer. Free Ca2+ concentrations were estimated in the presence of the EGTA buffer system with 1 mM EGTA as described by Piascik et al. (30) .
Column recoveries of [3H]cAMP during the purification of [32P] cAMP were 60-70% during these studies and were not influenced by 5 mM theophylline. Similarly 5 mM theophylline did not enhance basal-, GTP-or cytosol-dependent activity in either fetal or adult membranes. Variation of cAMP determination was generally less than 5% in replicate samples. Significant differences between crude and washed fractions or in the presence and absence of agonist were determined by paired t test. Differences in activity or agonist-dependent activity among various ages were determined by a one-way analysis of variance utilizing the Neuman-Kuels test. Differences between day 20 fetal and adult samples were assessed by Student's t test. Significance is reported at the P < 0.05 level.
Subcellular fractions. /3-Adrenergic receptors and adenylate cyclase activity were present in crude homogenates and washed particulate membranes of rat lung at all ages studied. Recovery of protein and /3-adrenergic receptors in membrane pellet was approximately 30% of starting activity. Recovery was similar in fetal and adult samples. /3-Adrenergic receptors were enriched approximately 2-fold in particulate membrane above the activity present in the starting homogenate in both fetal and adult samples (data not shown). In lung cytosol, adenylate cyclase activity was generally less than 2% of the activity in the washed membrane and was slightly higher in fetal than in postnatal samples.
Cholera toxin activation. Washed membrane (500 pg) was incubated in 100 mM NaC1, 1 mM GTP, 10 mM ATP, 1 mM P-NAD, 5 mM MgC12, 70 mM sucrose, 50 mM Tris-HC1, 0.1 mM EGTA, and 10 pg/ml SDS-preactivated cholera toxin for 30 rnin at 37°C (10) . Membranes were also incubated in this buffer in the absence of cholera toxin. Activated membrane was diluted in iced STE, centrifuged 40,000 x g for 20 min, resuspended in buffer (STE) and used immediately to determine adenylate cyclase activity.
Trypsin and heat denaturation. Cytosol(100,000 x g supernatant) was incubated in the presence and absence of 1 mg/ml trypsin, 5 mM MgC12 in STE buffer. The reaction was terminated by addition of 1 mg/ml BSA and 1 mg/ml lima bean trypsin inhibitor, (Sigma Chemical Co., St. Louis, MO). The ability of cytosol to stimulate adenylate cyclase was compared after treatment (I) with and without BSA; (2) with trypsin inhibitor and BSA; (3) with tryspin, BSA, and tyrpsin inhibitor; and (4) with trypsin, followed by addition of trypsin inhibitor and BSA. Ability of heat denatured (boiled 3-5 min) fetal and adult cytosol to activate adenylate cyclase was also tested with washed membranes from fetal and adult lung. Tissue GTP, prostaglandins, and calmodulin activity. GTP levels in freshly dissected lung tissue from day 20 fetal and adult lung was determined after extraction in iced 1 M percholoric acid by a modification of the method previously described for high pressure liquid chromatography using a linear gradient of NaH2P04, 0.01-1.0 M, (pH 2.8-4.8) to elute the column (34) . Attempts to extract and measure GTP or recover added GTP from subcellular fractions containing STE buffer were unsuccessful. PGE was determined by a radioimmunoassay, which recognizes both PGEl and PGE2 in tissue homogenates before and after incubation under conditions described for the adenylate cyclase assay (14) . Calrnodulin activity was assessed in heat-denatured lung cytosol by the activation of rat brain Ca"+-calmodulin sensitive CAMP phosphodiesterase as described by Dedman and Means (8) .
(-)-["H]Dihydroalprenolol binding. Binding studies were per-
formed in triplicate assays in buffer containing 10 mM MgC12, 50 mM Tris-HC1 (pH 7.4) and 30-60 pg of lung membrane protein as previously described (37, 38) . Specific binding of (-)-[3H]DHA (4 nM) to crude membrane fractions was also determined to estimate total receptor number per lung and receptor recovery during preparation. In general, higher protein concentrations were used in fetal and neonatal samples because of lower receptor concentrations. The assay was initiated by addition of membrane protein. After incubation at 30°C for 20 min, the reaction was terminated by addition of 4 ml iced Mg-Tris buffer, followed by rapid filtration through Whatman glass fiber filters (Whatman, Inc., Clifton, NJ). The filters were washed with an additional 16 ml iced Mg-Tris buffer, dried and counted by standard liquid scintillation technique at 30% efficiency. Nons ecific binding was determined in triplicate assay containing 10-' M (-)-alprenolol. This value was subtracted from total binding to determine specific binding. Nonspecific binding was identical whether obtained from com etition with antagonist [lo-= M (-)-alprenololl or agonist
Triplicate assays generally varied less than 10% for both total and nonspecific binding. Scatchard plots of saturation experiments with (-)-[3H]DHA and lung membrane were entirely linear. The KD (0.9 nM) did not change with age as reported previously (37) . The effect of guanine nucleotide on agonist affinity for the receptor was determined in the presence and absence of 100 pM Gpp(NH)p as previously reported (39) .
RESULTS
In order to evaluate ontogenic changes in hormone-sensitive adenylate cyclase activity, various components constituting the response system were partially characterized in fetal and adult preparations including: (I) P-adrenergic receptor number; (2) effect of Mg2+ and guanine nucleotides on receptor affinity; (3) ' N.D., not determined.
% Adult P i 0.05. (Table 1) . Activity in the presence of 10 mM NaF also decreased during this time period. Adenylate cyclase activity in crude lung homogenate was significantly enhanced by NaF, GTP, (-)-isoproterenol or PGEl in presence and absence of added GTP all ages, P < 0.01, Table 2 .
Ontogenic changes in washed membrane.-~lthou~h P-adrenergic receDtor density in washed lung membranes increased 5-fold from day '20 of geGation to adultvhood, basal-and NaF-dependent adenylate cyclase decreased slightly [53 + 4 to 37 + 9 pmole. rng-l.min-' (mean + S.D.)] during this period of development.
The ontogenic decrease in adenylate cyclase, which was apparent in crude lung homogenate, contrasted with the small developmental decrease in the activity in washed particulate membranes. Activity in the washed membranes was also sensitive to GTP, Gpp(NH)p, NaF, (-)-isoproterenol and PGEl (Table 3) . Maximal stimulation by PGE, and (-)-isoproterenol required GTP in washed membrane; however, the marked activation of fetal adenylate cyclase by GTP in washed membranes (in the absence of hormone) obscured possible hormone-sensitive activity. Due to the marked differences in GTP-sensitive activity between fetal and adult lung membranes, more detailed comparisons between the effects of guanine nucleotides on receptor function and on adenylate cyclase were made.
Effect of guanine nucleotides on P-adrenergic receptor affinity. Guanine nucleotides are known to decrease agonist affinity for the receptor site in association with the ability of catecholamines to stimulate adenylate cyclase activity. T h e function o f this component of the response system was therefore determined by the ability of Gpp(NH)p to decrease agonist affinity determined during competition experiments with (-)-isoproterenol and (-)-[3H]DHA binding to fetal and adult lung membranes. Gpp(NH)p significantly decreased agonist affinity for the receptor site., In fetal membrane preparations the Kn for the inhibition of ["HI DHA binding by (-)-isoproterenol in the absence of guanine nucleotides was 4.2 x M, Hill coefficient, 0.58. In the presence of 100 pM Gpp(NH)p the KD was 5.3 x M and a homogeneous class of low affinity receptors identified with a Hill coefficient equal to 1.1; thus, the addition of guanine nucleotide decreased agonist affinity for P-adrenergic receptors as previously demonstrated in adult lung membrane as expected for a "coupled" receptor, G / F interaction. Fold activation significantly higher in fetal than adult preparations, P < 0.01. 
-
Eficts of GTP and Gpp(NH)p on catalytic adenylate cyclase
activity. The time course of activation of adult and fetal lung membrane by GTP and Gpp(NH)p are represented by Figure 1 . GTP activated adenylate cyclase activity in fetal membrane to 83% of maximal (catalytic) activity, whereas GTP activated adult preparations to approximately 50% of maximum activity as determined with 10 mM NaF or M Gpp(NH)p. The EC50 of the activation of adenylate cyclase by GTP was approximately 7 x M and was similar in both fetal and adult fractions (Fig. 2) . Percent activation by GTP was significantly higher in fetal than in adult membranes, P < 0.01 (Table 3 and Fig. 2 ).
The marked activation of fetal lung adenylate cyclase by GTP alone was not related to changes in endogenous catecholamines or prostaglandin E concentrations nor to changes in prostaglandin synthesis during incubations with membrane preparations. Alprenolol M), a potent P-adrenergic antagonist, did not alter adenylate cyclase activity. Endogenous PGE concentration in the assay was determined by an assay which quantitates both PGEz log IGTPI M Fig. 2 . GTP dependent activation of adenylate cyclase activity in washed lung membrane from fetal (20 days gestation) and adult rat. Adenylate cyclase activity was determined in triplicate in the presence of increasing concentrations of GTP as described in the ateri rials and Methods." These curves are representative of three such experiments with fetal and adult membranes. and PGEI. The PGE concentration was approximately 2 4 nM and was slightly higher in adult than in fetal membrane preparations when expressed per mg protein. Prostaglandin concentration did not change during the incubation procedure for the determination of adenylate cyclase. Likewise, 10 pg/ml indomethacin, added to inhibit possible endogenous prostaglandin synthesis, did not alter adenylate cyclase activity in either fetal or adult samples (data not shown).
Cytosol and cytosol inactivation studies. Fetal and adult cytosol markedly activated adenylate cyclase activity in both fetal and adult membranes (Fig. 3) . In general, characteristics of adenylate cyclase activation by adult and fetal cytosolic preparations were similar. Activation of adenylate cyclase activity was always slightly, but consistently higher by fetal than by adult cytosol when expressed on the basis of cytosolic protein added to the assays. Activation by cytosol was always significantly higher when tested with membranes from fetal rather than adult lung. Ability of cytosol to activate either membrane was decreased approximately 20-30% by boiling. Activation by cytosol was significantly decreased when pretreated with trypsin (compared to incubation with trypsin in the presence of soybean trypsin inhibitor). The trypsin-sensitive component was consistently higher in adult than Membrane u g Fetal Cytosol Fig. 3 . Activation of adenylate cyclase activity in fetal (day 20 gestation) and adult lung membrane by the addition of lung cytosol. Lung cytosol (0-100 pg protein) was added to washed membranes from fetal and adult lung. Adenylate cyclase was determined in triplicate at each concentration as described in the "Materials and Methods." These curves are representative of three experiments in fetal and adult preparations. fetal preparations. Trypsin decreased activation of adenylate cyclase by cytosol49 + 3% (n = 6) in adult cytosol compared to 3 1 + 8% (n = 6) in fetal cytosol, mean f S.D., P < 0.01, after incubation for 30 min at 37'. Percent trypsin sensitivity was similar whether assessed with fetal or adult adenylate cyclase.
Cytosolic factors. Because of the likely presence of GTP in crude lung homogenates and marked differences in activation of fetal membrane by GTP, it was possible that ontogenic changes obsewed in basal activity in crude preparations were related to the presence of G T P or GTP-like factors present in cytosol which were removed during the preparation of the washed membrane fraction. Problems in extraction of G T P from the homogenization buffer made it impossible to assess G T P in subcellular fractions. G T P was therefore identified by high performance liquid chromatography in fresh rat lung extracted with perchloric acid. Tissue concentrations of G T P were similar in fetal and adult rat lung, 0.10 + 0.017 pmole per g tissue and 0.06 k 0.03 pmole per g tissue, mean + S.D., n = 3 and four, respectively. The calculated concentration of G T P in the adenylate cyclase assay of crude homogenates was therefore approximately M GTP, a concentration similar to the EC50 for activation of adenylate cyclase by GTP.
Gelfiltration. Fractions of adult and fetal cytosol were subjected to gel filtration on a Sephadex G-50 column and tested for their ability to activate adenylate cyclase activity in fetal or adult membranes (Fig. 4) . Activity was present in two peaks of high and low molecular weight. Boiling samples before separation resulted in total loss of high molecular weight activity whereas activity in the small molecular weight fraction was unchanged. Activation of adenylate cyclase was similar whether fetal or adult membranes were used to test the cytosolic fractions.
ATP regeneration system. Maximal activation of adenylate cyclase by cytosolic fractions from both fetal and adult lung was dependent upon a phosphocreatine-creatine phosphokinase ATP regeneration system (Fig. 5) . A lag period in activation of the enzyme by cytosol (several min) was consistently observed in time course experiments, suggesting that synthesis of activating factor(s) occurred during the early period of incubation. Effect of the regenerating system could not be duplicated by addition of myokinase and/or adenine deaminase (10 U/ml), both enzymes capable of catalyzing synthesis of guanine nucleotides.
Cholera toxin treatment. Adenylate cyclase activity was determined in membranes from fetal (day 20 of gestation) and adult rat lung after pretreatment with cholera toxin under conditions for G / F factor ribosylation (Table 4) . Basal activity was enhanced by cholera toxin in both fetal and adult samples. Cholera-toxin treatment of fetal membranes did not alter GTP-dependent activity. Gpp(NH)p or GTP, whether treated with cholera toxin or untreated, was nearly equal in activation of fetal lung adenylate cyclase activity. In contrast, cholera-toxin treatment significantly increased GTP-dependent adenylate cyclase activity in adult lung membranes, (Table 4) 
Phenol red
Column Fraction Fig. 4 . Activation of fetal lung adenylate cyclase by column fractions of fetal lung cytosol separated by gel filtration. Approximately 5 mg of cytosolic fetal lung protein was added to a 1 X 25 cm column of Sephadex G-50 at 2OC. The fractions (0.5 cc) were collected and assessed for protein (not shown) and for the ability of 25 p1 of the eluate to activate fetal long adenylate cyclase. Samples were also heated to 100°C for 10 min and applied to the column for fetal and adult cytosol. The elution curve is similar for fetal and adult cytosol whether assessed in fetal or adult membrane, although activation was greater when tested with fetal membrane. High molecular weight activity was absent in the boiled sample (fractions [4] [5] [6] [7] [8] .
I+! with Regenerating System I -I without Regenerating System
Time (min) Fig. 5 . Effect of the creatine phosphate and creatine phosphokinase regenerating system on adenylate cyclase activity in fetal lung membrane (20 days gestation). Adenylate cyclase was determined at each time point in the presence ( U ) or absence ( M ) of the regenerating system in the presence or absence of 10-% GTP or 100 pg fetal lung. for 30 min in ribosylating buffer (without cholera toxin) selectively decreased the GTP-sensitive component of the fetal enzyme, resulting in a preparation which was activated to a greater extent by NaF than GTP, similar to the finding in untreated adult preparations (Table 4) . Incubation of the membrane in STE (in the absence of the ribosylation buffer) lead to a progressive loss of enzyme activity suggesting that degradation of the enzyme occurs rapidly at 37OC. Attempts to directly label G/F factor with cholera toxin in the presence of [32P]NA~ were unsuccessful in both fetal and adult preparations. In contrast, ADP ribosylation of G/F protein was routinely accomplished in human erythrocyte membranes (data not shown).
Magnesium. Adenylate cyclase activity required Mg2+ in both Table 4 . Adenylate cyclase activity @moles mg-'. min-') ' Figure 6 . Activation was higher in fetal than adult preparations (P < 0.01) and the pattern of activation was markedly altered by addition of GTP (Table 3 ). In the absence of GTP, ~g~~ activated both fetal and adult enzymes at all concentrations. In contrast, a biphasic dose response was demonstrated in the presence of GTP in both fetal and adult preparations (Fig. 6 right hand panel) . Mg2+ effects were similar whether MgS04 or MgClz were utilized in the assay. Activation was not observed with the addition of 10-100 mM NaC1. Fig. 7 . Effect of Ca2' on adenylate cyclase activity in lung membrane. Adenylate cyclase was determined in adult membranes in the presence of an EGTA buffer system (1 mM EGTA) and increasing concentrations of CaCl2 to give estimated free Ca2+ indicated on the x-axis. The assays were performed in triplicate in the presence of 10 pg/ml calrnodulin. Calmodulin (10 pg/ml) or trifuoperazine M TFP) had no effect on basal or GTP-stimulated activity. Experiments performed with membranes which were extensively washed with STE (1 mM EGTA) resulted in identical results. EGTA, calcium and calmodulin. In membranes prepared in the absence of chelators, adenylate cyclase activity was enhanced 2-3-fold by addition of EGTA (0.05-5 mM). The EC50 for activation was approximately 0.02 mM EGTA. Endogenous Ca2+ in the buffer system with added membrane protein was approximately 10-% (total Ca2+) as determined by flame spectroscopy; however, the stimulatory effect of EGTA on adenylate cyclase activity could not be explained by ca2' chelation. In the EGTA-Ca buffer system, increasing concentrations of free Ca2+ (lo-@ to M), in the presence or absence of calmodulin, had no effect on adenylate cyclase activity from either fetal or adult preparations even after extensive washing of membrane in EGTA (STE) before assay. Concentrations of free Ca2+ in excess of EGTA M) were inhibitory in both fetal and adult samples; however, neither a stimulatory nor inhibitory effect of Ca2+ or Ca2'-calmodulin was noted at more physiologic intracellular Ca2+ concentrations (Fig.  7) . Trifluoperazine (lo-"), known to inhibit calmodulin-dependent processes, had no effect on basal-or GTP-dependent activity. Calmodulin activity of lung homogenates did not change significantly with age ranging from 293 + 42 ng/mg protein in fetal lung homogenates at 18 days gestation to 203 + 28 ng/mg protein in adult samples, mean + S.E., n = 6.
DISCUSSION
Our studies demonstrate ontogenic changes in the characteristics of adenylate cyclase and /3-adrenergic receptors in the rat lung. Although the concentration of /I-adrenergic receptors increased with age, basal adenylate cyclase activity in crude homogenates decreased during ~ostnatal develovment. The marked decrease in " n basal activity was found to be associated with enhanced activation of fetal enzyme by GTP, and the presence of GTP, GTP producing or GTP-like cytosolic components present in crude lung homogenates. Adenylate cyclase activity in washed membrane fractions of fetal lung was markedly enhanced by GTP or Gpp(NH)p in the presence or absence of (-)-isoproterenol or PGE,. Maximal activation of adenylate cyclase by GTP, cytosol or Mg2+ was higher in fetal than adult membranes. At least two cytosolic components, which stimulated adenylate cyclase activity with the characteristics of GTP, were separated by gel filtration. One component is probably GTP, which was present in the crude homogenate assay at concentrations similar to the EC50 for activation of adenylate cyclase by GTP. The higher molecular weight component(s) were trypsin and heat sensitive. Developmental changes in the characteristics of catalytic adenylate cyclase activity and its interaction with guanine-nucleotide-dependent factors are also likely to be factors that account for these fmdings.
There is evidence that surfactant release and smooth muscle tone are regulated by catecholamines and prostaglandins and that the response of the lung to these stimuli changes with age. Although concentrations of pulmonary catecholamines and /3-adrenergic receptors increase in the perinatal period, the relationship between catecholamine receptors and adenylate cyclase activity are unclear during development. Interpretation of ontogenic changes in hormonal sensitivity of adenylate cyclase activity has been confounded by a number of issues including the cellular heterogeneity of lung tissue, the high "basal" adenylate cyclase activity and poor coupling of the receptor to adenylate cyclase in lung homogenates and washed membranes. From the present study it is evident that basal activity is increased in crude lung homogenates (as compared to washed membranes) from fetal or suckling animals. This observation is associated with marked activation of fetal lung adenylate cyclase by endogenous GTP or GTP-like activity in cytosol, which is also present in crude homogenates. The EC50 for GTP activation was similar in fetal and adult samples; however, total activity and the % activation of basal activity related to GTP or cytosol was much higher in fetal (6-fold activation) than in adult preparations (3-fold activation), possibly accounting for the high basal activity in crude homogenates from younger animals.
The marked effect of GTP on adenylate cyclase in fetal lung was not altered by the P-adrenergic antagonist, (-)-aiprenoioi; thus, heightened activation of fetal enzyme by GTP was not related to differences in endogenous catecholamines. Likewise, activation by endogenous prostaglandins did not account for the high activity in fetal preparations in the presence of GTP. PGE was present in the assay at relatively low concentrations ( 2 4 nM) in comparison with the EC50 for PGE,, which is in the pM range (33) . Furthermore, indomethacin, a prostaglandin synthesis inhibitor, did not alter adenylate cyclase activity. This supports the conclusion that possible prostaglandin synthesis during the incubation did not account for developmental differences in adenylate cyclase activity. Although there was a small but significant decrease in NaFdependent adenylate cyclase activity in washed membranes with age, the difference in GTP response was clearly in excess of changes in "maximal catalytic activity" as defined with NaF or Gpp(NH)p. The properties of activation of adenylate cyclase by GTP and Gpp(NH)p in washed membrane were similar to those reported in other systems: ( I ) hormone stimulation by catecholamine or PGEl required GTP for maximal activation; (2) GTP was required for the inhibitory effect of Mg'+ at high (50 mM) concentrations in washed membranes; (3) EC50 for GTP was similar to previous studies; and (4) a characteristic lag period was observed during the activation of the enzyme by Gpp(NH)p in the absence of hormone (16, 35) .
Developmental changes in /3-adrenergic receptors and their function have been demonstrated in numerous tissues whereas changes in G/F factor interactions with either the receptor or catalytic subunit are less clearly defined (5, 11, 17, 32, (37) (38) (39) . GTP-induced changes in agonist affinity, adenylate cyclase activity, and G/F interactions with the catalytic subunit are lost during maturation of the rat reticulocyte (17) . We have demonstrated previously a decreased ability of GTP or Gpp(NH)p to decrease agonist affinity of P-adrenergic receptors in fetal rabbit lung supporting the concept that a maturational change in G/F factor(~) is associated with maturation of the /3-adrenergic receptor system in this species (38) . In contrast, Gpp(NH)p significantly decreased agonist affinity in fetal rat lung membrane resulting in an apparent homogenous population of low affinity /3-adrenergic sites (Hill coefficient approximately 1.0); therefore, regulation of agonist affinity by guanine nucleotides appears to be intact in fetal rat lung. It is possible that ontogenic differences in GTP and ~g ' + sensitivity reflect changes in G/F factor(s) or their interactions with the catalytic subunit in developing lung. Pike and Lefkowitz (3 1) have recently ascribed differences in basal-and GTP-sensitive adenylate cyclase activity between turkey erythrocyte and frog erythrocyte to differences in the rate of GDP dissociation from the G/F binding site, which is associated with hormone sensitive GTPase. Frog erythrocyte, unlike the turkey erythrocyte, has a basal-and GTP-dependent activity in the absence of hormone that is related to an increased rate of dissociation of GDP from its binding site. A similar mechanism may account for the high GTP-sensitive component in fetal rat lung however, such detailed studies are not possible in the crude lung preparations used in our study.
Because cholera toxin treatment of' adult rat lung membrane results in a preparation that is similar to that from fetal lung in its response to GTP, it is intriguing to question whether GTP is so effective in young animals because the G/F protein(s) are endogenously ribosylated. There is no evidence to support this hypothesis but in the present study, attempts to demonstrate G / F factors by the phosphorylation of the G / F proteins with cholera toxin and [ " 2~]~~~ were unsuccessful in both fetal and adult preparations. Presence of endogenous ADP-dependent ribosylation activity has been demonstrated previously in mammalian tissues (22) . Changes in proportion of specific cell types with characteristic high activation by GTP might also explain the observed changes although drastic changes in cell type are not known to occur in the postnatal period.
